The development, function, and integration of morphological characteristics are all hypothesized to influence the utility of traits for phylogenetic reconstruction by affecting the way in which morphological characteristics evolve. We use a baboon model to test the hypotheses about phenotypic and quantitative genetic variation of traits in the cranium that bear on a phenotype's propensity to evolve. We test the hypotheses that: 1) individual traits in different functionally and developmentally defined regions of the cranium are differentially environmentally, genetically, and phenotypically variable; 2) genetic covariance with other traits constrains traits in one region of the cranium more than those in others; 3) and regions of the cranium subject to different levels of mechanical strain differ in the magnitude of variation in individual traits. We find that the levels of environmental and genetic variation in individual traits are randomly distributed across regions of the cranium rather than being structured by developmental origin or degree of exposure to strain. Individual traits in the cranial vault tend to be more constrained by covariance with other traits than those in other regions. Traits in regions subject to high degrees of strain during mastication are not any more variable at any level than other traits. If these results are generalizable to other populations, they indicate that there is no reason to suppose that individual traits from any one part of the cranium are intrinsically less useful for reconstructing patterns of evolution than those from any other part. Am J Phys Anthropol 143:1-12,
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Cranial and dental characteristics play major roles in phylogenetic reconstruction in anthropology (Johanson and White, 1979; Tobias, 1980; Olson, 1981 Olson, , 1985a White et al., 1981; Kimbel et al., 1984; Skelton et al., 1986; Wood and Chamberlain, 1986; Chamberlain and Wood, 1987; Skelton and McHenry, 1992; McCollum and Ward, 1997; Strait et al., 1997; McCollum, 1999; Strait and Grine, 1999; Nevell and Wood, 2008) . Identifying the most efficacious combination of methods and characters for reconstructing phylogenetic relationships enhances our understanding of the relationships between fossil hominin species, a major focus of paleoanthropological investigation (Gonzalez-Jose et al., 2008; Smith, 2009) . Questions of character selection and definition are often approached by testing hypotheses about the intrinsic variational properties of characteristics, which are hypothesized to influence the evolutionary potential of characteristics such that they differentially reflect phylogenetic relationships among species (Lieberman, 1995; Lieberman et al., 1996; Wood, 2001, 2007; Wood and Lieberman, 2001; Lycett and Collard, 2005) . The roles of development and constraints, because of integration among traits along with the possibility that different traits are exposed to different environmental stimuli, have also been an important focus of recent research into the variational and evolutionary properties of skeletal morphology (Lieberman, 1995; Lieberman et al., 1996 Lieberman et al., , 2000a Lockwood and Fleagle, 1999; Wood, 2001, 2007 ; Ponce de Leon and Zolikoffer, 2001; Wood and Lieberman, 2001; Lockwood et al., 2004; Scott and Lockwood, 2004; Lycett and Collard, 2005; Lockwood, 2007; Smith et al., 2007) . By using a model organism (the baboon) from a population of known pedigree, we are able to partition phenotypic variation into genetic and environmental components to test hypotheses about whether these criteria for selecting characteristics for phylogenetic analysis predict the patterns of phenotypic, genetic, and environmental variation that interact with the forces of evolution to produce differences between species.
Additional Supporting Information may be found in the online version of this article.
Several reports have suggested that the study of the development and phenotypic integration of traits can identify those traits that most reliably reflect phylogeny and control for the confounding effects of interdependent traits (Lieberman, 1995; Lieberman et al., 1996; Wood, 2000, 2001; Gibbs et al., 2000; Strait, 2001; Wood and Lieberman, 2001; Gonzalez-Jose et al., 2008) . It has been suggested that endochondrally ossifying parts of the cranium, such as the cranial base, reflect phylogeny well because of their early ossification, lack of impact by the strains of mastication, and their hypothesized limited exposure to environmental effects (de Beer, 1937; Scott, 1958; Olson, 1985a,b; Shea, 1985; Skelton and McHenry, 1992; Lieberman et al., 1996 Lieberman et al., , 2000a Strait, 1998; Wood and Lieberman, 2001) . The cranial base is also hypothesized to constrain cranial evolution because of its numerous functional and developmental roles as the interface between the cranial vault and face and the remainder of the body, although the results bearing on this question are inconclusive (Lieberman et al., 2000a,b; McCarthy, 2001; Strait, 2001 ). More recent investigations in mice have shown that cranial base morphology, the cranial base angle in particular, is a function of a complex set of interactions between the cranial base and the effects of spatial packing and brain and face shape and size Lieberman and Hallgrimsson, 2008) . Whether or not traits in the cranial base display strong integration is particularly important because of the prominent role of the cranial base in distinguishing hypothesized hominin taxa (Nevell and Wood, 2008) .
Along similar lines, it has been suggested that more highly heritable characteristics are more useful for reconstructing phylogenetic relationships (Lieberman et al., 1996; Wood and Lieberman, 2001 ). This criterion posits that highly heritable characteristics have differences among species that appear early in development and are less likely to respond to exposure to environmental effects. It predicts that highly heritable traits should be less variable and less likely to mimic the character states of other species as a result. It is worth pointing out that these prediction do not follow directly from the evolutionary genetic definition of heritability and the justifications for these conjectures remain obscure (see discussion). Nevertheless, the amount of genetic covariance is an important factor for structuring phenotypic responses to evolutionary forces and there is mounting evidence that covariance among traits structures macroevolutionary diversification among species (Cheetham et al., 1993; Schluter, 1996 Schluter, , 2000 Blows and Higgie, 2003; Cheverud, 2004a,b, 2005; Estes and Arnold, 2007; Hunt, 2007; Marroig et al., 2009 ). This means that measures reflecting the genetic contributions to variation in traits, such as their heritability, should be considered in combination with the ways in which forces of evolution may have acted on phenotypes when asking macroevolutionary questions. A trait that has evolved in a manner such that its contrasting states provide a phylogenetically informative difference must have resulted from the conversion of within-species genetic variation into among-species variation through natural selection, mutation, and random genetic drift, and as such must have been heritable at some point. This does not mean, however, that the same trait must be heritable within any of the species under study, only that it was heritable at some time.
The potential for environmental effects to cause homoplasy or homoiology is the target of a great deal of scrutiny in biological anthropology (e.g., Lieberman, 1995; Lieberman et al., 1996 Lieberman et al., , 2000a Lockwood and Fleagle, 1999; Wood and Lieberman, 2001; Lycett and Collard, 2005; Collard and Wood, 2007; von Cramon-Taubadel, 2009 ). This is largely motivated by the observation that traits related to mastication may cause problems when attempting to reconstruct phylogeny because of the functional importance of chewing (Skelton et al., 1986; Walker et al., 1986; Walker and Leakey, 1988; Strait et al., 1997; Skelton and McHenry, 1998; Strait and Grine, 1998) . The homoiology hypothesis includes two distinct predictions. The first prediction is that characteristics that are subject to high strains have plastic responses that result in higher levels of variation. The second predictions is that these plastic responses and concomitantly higher levels of variation make them less useful for phylogenetic reconstruction because of their higher probability of approximating the character states of other species for purely environmental reasons.
The homoiology prediction about the relative phylogenetic utility of traits has been soundly refuted as characters that are subject to higher strain do not appear to be any less useful for phylogenetic reconstruction Wood, 2001, 2007; Lycett and Collard, 2005; Collard and Lycett, 2008; von Cramon-Taubadel, 2009 ). The second prediction about variational properties of different traits, however, has not been falsified, as more highly strained characteristics in the cranium appear to also show higher levels of variation relative to characteristics that are not subject to high levels of strain when the effects of sex are taken into account (Lycett and Collard, 2005; von Cramon-Taubadel, 2009 ). Removing the effects of sex is important as highly strained characteristics in the cranium show considerable overlap with those showing the most sexual dimorphism (Leigh and Cheverud, 1991; Plavcan, 2003; Willmore et al., 2009) .
The variational predictions of the homoiology hypothesis have been general, only including the claim that high strain imparts higher variation on characteristics. An important distinction missing from this discussion is that between the mean level of an environmental effect, such as strain imparted through mastication, and the variance in that environmental effect. Although the variational prediction of the homoiology hypothesis is framed in terms of the mean effect of strain, there is no good a priori reason to believe that bony phenotypes may be more variable in a high strain environment as opposed to a low strain environment (see discussion). Should the strength of an environmental effect vary across individuals, however, some may exhibit larger deviations from the population mean than others. This variation in the environmental effect may occur at the lower end of the spectrum of effects, however, which means that there is no reason to suspect that simply being exposed to a stronger mean environmental influence results in higher phenotypic variance.
To illustrate this point, imagine a situation with several populations with identical genotypic frequencies (Represented by state A in Fig. 1 ). All else held equal, the means and variances of a trait are identical across all of the groups. Likewise, the heritability of the trait is identical in all of the groups. Imagine taking one of the populations and subjecting every individual to an environmental factor such as strain from mechanical forces (Contrast state A with state B in Fig. 1 ). In the case of bony phenotypes, there is often a tendency for bones to exhibit a plastic response to biomechanical forces (Trinkaus et al., 1994; Lieberman et al., 2003; Ruff et al., 2006; Ravosa et al., 2007; Menegaz et al., 2009) . If all individuals are subjected to an identical level of this stronger environmental factor and the degree to which individuals respond to the change in the factor does not vary, then the mean of the affected population may shift, resulting in a difference between the affected group and its unaffected counterparts. This effect has been used to study the behavior in past populations (Trinkaus et al., 1994; Ruff et al., 2006) and could result in a shift in the mean value of a trait in one lineage such that it approximates the character states of another group, thus confounding phylogenetic reconstruction. Contrast this with a situation where individuals within one of the groups are differentially affected by varying levels of the environmental factor but the mean strength of the factor is the same as its level in the other populations in which it does not vary (State A vs. state C in Fig. 1 ). This could result in a situation in which the mean of the trait does not shift but the variance in the trait increases. This would result in an increase in a coefficient of variation (CV), as predicted by Lieberman 2001 and Collard 2005 , and could result in a situation where some individuals at one of the tails of the distribution in one species might approximate the character states of another species, which, in combination with a sparsely sampled fossil record, could cause difficulties for phylogenetic reconstruction and taxonomic diagnosis, but in a different manner than in the first example.
There are a large number of possible alternatives to consider here. For example, one way in which both the mean and variance in a trait could change together is a situation in which there is genetic variance in the response of individuals to a change in the environmental factor (Pigliucci, 2001) . If there is genetic variance in the extent to which some individuals form more bone than others in response to the change in the mean of the factor through genotype by environment interactions (keeping the variance of the factor the same), then both the mean and the variance of a trait changes as a result of a plastic response in the form of a shift in the mean and the unmasking of hitherto hidden genetic variation.
It is important to emphasize that whether or not environmental or genetic variational properties of a trait change is an empirical issue and there is no good theoretical reason to expect one outcome or another independent of the particulars of the traits, populations, and environments (Pigliucci, 2001) . Furthermore, the degree of heritability of a trait manifest in one environment is no indicator of how plastic it is when expressed in a population facing a novel environmental condition (Feldman and Lewontin, 1975; Lewontin, 2000; Pigliucci, 2001) .
The homoiology hypothesis is usually phrased such that it focuses on the elevated mean level of strain on some traits and not elevated variance in the effect of these forces on these traits. The intended message of the authors (reinforced by comments from an anonymous reviewer), however, often appears to be that it is an increase in variance in strain, made possible by increasing the mean exposure to strain, that drives the differences among traits (Wood and Lieberman, 2001; Lycett and Collard, 2005; Collard and Lycett, 2008; von Cramon-Taubadel, 2009 ). If negative values of measures of strain are disallowed, this opens up the opportunity for the raw variance to be larger for traits with higher mean values because they have more room to vary, much in the same way that linear traits tend to have variances that positively scale to the mean (Hansen and Houle, 2008) . If values of strain are measured on an interval scale where both negative and positive values can occur, the relationship between the mean value and the variance becomes complicated. We entertain both the mean and variance versions of the homoiology hypothesis here.
An important difference between the present study and previous studies looking into the homoiology hypothesis and most studies about the variational properties of primate cranial features is that the animals used in this study come from a captive population. The animals used here do not face the same hazards as animals in the wild and it is probably reasonable to assume that an animal in captivity is not exposed to the same range of environments as wild animals, which may serve to diminish environmental variance caused by variance in exposure to strain.
There are two things that need to be emphasized here. The animals used in this study do chew on hard objects and show varying degrees of tooth wear, even within age groups (personal observation), suggesting that there is some variance in the degree to which mechanical forces impact individuals. Whether this is enough to appreciably inflate phenotypic variance is unknown. The other consideration is the fact that there are several potentially confounding sources of variance that cannot be accounted for in many wild-shot museum collections. For example, extra phenotypic variation may arise in a wild population in response to differences in nutritional status, the effects of age, and the effects of undetected pop- Fig. 1 . A hypothetical example of the distribution of phenotypes in three populations with identical genotype frequencies under three different environmental regimes. Curve A represents a baseline population in an arbitrarily normative environment. Curve B represents a population in which every individual has been subject to environmental influence greater than that in A, thus increasing the mean. All individuals are exposed to the exact same dose of the environmental effect. Curve C represents a situation where the mean environmental effect is the same as in population A but the strength of the effect varies across individuals. This changes the variance without affecting the mean. ulation structure within species. Furthermore, the distributions of exposures to strain in wild populations are not known. As a result, neither the captive sample here nor the samples of wild individuals used in previous studies are ideal to address the homoiology question. The advantage of the pedigreed population used here is that it affords us the opportunity to explore the genetic variational properties of traits.
Whether or not a characteristic is able to evolve differences between species that can be used for phylogenetic reconstruction depends both on the evolvability of a trait and the forces of evolution that act on that trait and traits with which it genetically covaries. There are several meanings of evolvability that have different applications to evolution at different timescales (Houle, 1992; Wagner and Altenberg, 1996; Houle, 2004, 2008; Wagner and Laubichler, 2004; Jones et al., 2007; Lynch, 2007a,b) . Evolutionary genetic theory suggests several different ways in which researchers may measure the differential propensity for traits to evolve over the short term (Houle, 1992; Hansen and Houle, 2008) . Given that many phylogenetic analyses in paleoanthropology use discretized continuous traits (Strait and Grine, 2004; Gonzalez-Jose et al., 2008) and that the differences exhibited among species are usually matters of degree rather than of kind, using an evolutionary quantitative genetic definition of evolvability seems most appropriate in this context rather than an evolutionary developmental definition.
From an evolutionary genetic perspective, heritability is not very useful for comparing the relative evolvability of traits or the degree to which a trait may be affected by environmental factors. A trait could be highly heritable because it: 1) has a large amount of genetic variance or 2) has a very small amount environmental variance (Houle, 1992) . Because h 2 is a dimensionless ratio of additive genetic (V A ) to phenotypic (V P ) variances (h 2 5 V A /V P . Falconer and Mackay, 1996) , h 2 gives us no sense of the expected magnitude of variation at the phenotypic level and does not tell us whether the genetic or environmental components of variation are elevated. These sources of variation are important to tease apart when evaluating the criteria for trait selection in phylogenetic analysis, as models of constraint predict a dearth of genetic variation when a trait is constrained (Hansen and Houle, 2004) and the homoiology hypothesis predicts that the environment differentially affects the traits. As such, separate estimates of phenotypic, genetic, and environmental variation are desirable when confronting these problems.
Furthermore, h 2 is not the best measure of the evolutionary potential for a trait. Results from evolutionary quantitative genetic theory suggest that the coefficient of additive genetic variation (CV A 5 HV A /l) or its square (e 5 V A /l 2 ), where l is the trait mean, would be a better measure of evolvability than h 2 (Houle, 1992; Houle, 2004, 2008) . The latter measure of evolvability, e, is the expected proportional change in a trait per unit of a mean-standardized selection gradient. The operation of developmental constraint could cause low e by canalizing a trait such that mutation is unlikely to generate variation, or internal stabilizing selection may rid the trait of most new variation. Likewise low e could be the result of stabilizing selection resulting from variation in the external environment that may limit the amount of genetic variation in the population. In the case of morphological characteristics where V P is often a good predictor of V A (Cheverud, 1988; Roff, 1996) , e has a straightforward relationship with the square of the phenotypic coefficient of variation (CV 2 ), allowing for studies of the relative evolvability of traits within a species to be conducted using phenotypic data alone. We can test whether or not this is the case here by comparing additive genetic (G) and phenotypic (P) covariance matrices and their correlation counterparts (qG and qP) to see if P is proportional to G and, thus, if tests at the phenotypic level would be adequate to test hypotheses about patterns of genetic covariance. This is important for testing hypotheses in comparative and fossil contexts where quantitative genetic parameters cannot be estimated.
Phenotypic integration among traits may result in a situation where some of the V A of any given phenotype may be shared with other traits through genetic covariance (Hansen et al., 2003; Hansen and Houle, 2008) . Those traits with higher levels of intrinsic conditional additive genetic variation or conditional evolvability (c), after accounting for the additive genetic covariance with other traits, are more conditionally evolvable. Traits that share much of their variance in common with other traits (low c relative to e) may be constrained by evolutionary forces acting on other traits, and evolution of that characteristic is likely to cause correlated responses in other characteristics. Individual characteristics that have low c are also more likely to violate assumptions about character independence in phylogeny reconstruction than those with higher c values. If traits in one region of the cranium have lower c values relative to their e values than traits in other areas, those traits are subject to stronger pleiotropic constraints than the others and each one contributes less independent information for phylogenetic reconstruction. The parameterizations of e and c suggest a measure of integration-the tendency for traits to covary and correlate with one another-in the form i 5 1 2 (c/e), which expresses the proportion of all evolvability of a trait that is accounted for by covariance with other traits. Traits with i values close to 1 have less potential to evolve independently of other traits.
If environmental forces act to make some traits more variable than others then we expect these traits to differ in terms of their intrinsic environmental variation. This can be measured in a manner similar to the way in which evolvability is measured by calculating the meansquare standardized environmental variance (e e ). Should traits that ossify earlier, for example, be subject to fewer sources of environmental variation than later ossifying traits, we expect the earlier ossifying traits to have lower e e values than the late ossifying traits.
These different ways of modeling and measuring genetic and environmental sources of phenotypic variation allow us to construct more precise hypotheses about how developmental and pleiotropic constraints and the effects of environmental factors affect the propensity of individual traits to evolve and, thus, their utility in evolutionary investigations. Using crania from a pedigreed sample of baboons, we seek to answer a series of questions about the genetic and environmental bases of phenotypic variation for a variety of traits in the cranium (Fig. 2, Table 1 ). Do traits in different functionally and developmentally defined regions of the cranium vary in their levels of e e , h 2 , and e? Do traits in some functionally and developmentally defined regions tend to have higher levels of c or i than traits in other regions, thus indicating that some traits are more constrained than others? Are phenotypic and genetic correlations and covariances similar to one another so that studies of phenotypic variation can be used as surrogates for studies of quantitative genetic variation? Are characteristics that are subject to higher levels of masticatory strain more variable, less heritable, more environmentally variable, and less evolvable than traits subject to less strain? The answers to these questions have clear implications for testing hypotheses about evolution and estimating phylogenies in fossil humans and in other primates.
MATERIALS AND METHODS
Crania from baboons (Papio hamadryas) from the pedigreed population housed at the Southwest National Primate Research Center (SNPRC), San Antonio, TX were used to estimate quantitative genetic parameters. The number of pedigreed animals ranged from 364 to 410, depending on the trait, with a mean of 382. The large majority of the baboons in this population were purebred olive (P.h. anubis), although there were a few yellow baboons (P. h. cynocephalus) and hybrids between the two groups. The founding population was composed of roughly 300 individuals and there is substantial genetic variation in the population (Rogers et al., 2000) . These animals have been used to successfully study the quantitative genetics of craniodental characteristics (Hlusko and Mahaney, 2003; Hlusko et al., 2004 Hlusko et al., , 2006 Hlusko et al., , 2007 Sherwood et al., 2008) . Any animal in the collection that was under six years of age was excluded from the analysis.
Heads were collected at necropsy, macerated in a water-bath, and air dried in a fume hood. Three-dimensional CT scans were acquired of each cranium (Siemens Medical Systems, Erlanger, Germany). Pixel size varied from 0.2 to 0.61 mm, as a function of the size of the individual specimen, and slice thickness was 0.75 mm. Two observers scored a total of 43 landmarks divided into different sets on the face, cranial base, and cranial vault (Fig. 2) . A set of 46 interlandmark linear distances were calculated from the coordinates (Table 1) , although no distances were used that included interdentale superior (ids) as it was regularly obscured because of the resorption of bone associated with incisor loss. Landmarks located on the base and face were digitized using the CT scans and the eTDIPS software package (National Institutes of Health and The National University of Singapore). Because some points on the cranial vault could not be reliably identified from the scans, the locations of landmarks on the vault and a subset of those on the facial skeleton and cranial base were recorded directly from the crania using a Microscribe digitizer (Immersion, San Jose, CA; Fig. 2 ). To acquire The traits listed in the base, face, vault, and orbit categories together contain all traits used in the analysis and each trait is accompanied by a number for use in conjunction with Figure 2 . The high strain category contains a subset of these, and those not included in it are low to moderate strain characters. Table 1 and the number corresponds to the number of that trait within that grouping. Landmarks indicated on the skull (in alphabetical order with their abbreviations) are: Anterior nasal spine (ans), Asterion (as), Basion (bas), Bregma (breg), Carotid (car), Crista galli anterior (cga), Crista galli posterior (cgp), External auditory meatus (eam), Foramen magnum lateral (fm), Frontal-zygomatic juncture (fzj), Jugular process (jug), Lambda (lam), Midpoint between the first molar and last premolar on the alveolar margin (mda), Maxillary tuberocity (mxt), Nasale (nal), Nasion (nas), Opisthion (opi), Premaxillary maxillary boundary (pmm), Posterior nasal spine (pns), Pterion (pt), Sella turcica (sella), Vomer-sphenoid juncture (vsj), Zygomatic arch superior (zas), Zygomaxillary inferior (zmi), and Zygomaxillary superior (zms). Interdentale superior (ids) is also marked as it is referred to in the text even though no traits include this landmark. the landmarks on the cranial vault, modeling clay was used to reattach the calotte to the cranium. All individuals were landmarked twice and repeatabilities (Falconer and Mackay, 1996) of the Euclidean distances among landmarks were very high (mean repeatability 5 0.98). More individuals were analyzed for the vault set than other sets because of differences in data acquisition schedules.
Quantitative genetic parameter estimation was conducted using maximum likelihood in the SOLAR quantitative genetics computer package (Almasy and Blangero, 1998) . We estimated h 2 ; the proportion of environmental variance, e 2 , and their associated standard errors and estimates of their statistical significance. The covariates sex, age, and age 2 were screened and corrected for when significant at the P 5 0.10 level. The effective sample sizes (N eff ) of the traits were estimated using the procedure in Cheverud (1995) . Before estimating qP, qG, and qE, we reduced the set of traits by removing those with a N eff smaller than 10. This was done to avoid producing biased estimates of squared genetic correlations for traits carrying little genetic information (Cheverud, 1995) . All traits were included in the univariate analyses, whereas multivariate analyses dependent on an estimate of G were conducted on the reduced trait set.
We estimated qP and P to determine whether they could be reliably used as surrogates for qG and G. We calculated estimates of e, e e , and CV to compare different kinds of variation across regions of the cranium. We use the CV rather than its square to evaluate intrinsic phenotypic variation because it is the standard statistic used in other tests of the homoiology hypothesis and similar studies dealing with the variational properties. All mean standardized statistics reported here were calculated using covariate adjusted means. In spite of substantial sexual dimorphism in this population, the crosssex genetic correlations for most traits in this sample are high and indistinguishable from unity, in most cases, rendering results in one sex directly proportional to the other (Willmore et al., 2009 ). Furthermore, results using the single sex means were highly correlated with each other and with the results from the pooled mean.
To address the hypothesis of constraint and interdependence among traits, we calculated the squared-mean standardized conditional additive genetic variance, c (Houle, 1992; Hansen et al., 2003; Hansen and Houle, 2008) . The c statistic quantifies the free or independent variation of a trait that is not shared with any other traits through covariance. To compare conditional genetic variation at the phenotypic and genetic levels, we calculated a phenotypic equivalent to c (c P , using P as a substitute for G). Because G could not be estimated using all traits owing to the small N eff of a subset of the characteristics, c P was also estimated for the reduced trait set (c PR ) substituting the P for the reduced set of traits for G to make it strictly comparable with c. Furthermore, because G is singular in this sample, a generalized inverse was used in the estimation of the c values in different traits. This introduces some degree of error into the estimation of c values, making the comparison with their phenotypic counterparts, c P and c PR , all the more important. Likewise, we estimate i and its phenotypic counterpart i p , to test if the relative magnitude of integration is different across regions of the cranium.
To estimate the repeatability of each of the covariance matrices, we employed a parametric bootstrap coupled with a random skewers procedure (Cheverud et al., 1983; Cheverud and Marroig, 2007) . Matrix repeatability for the correlation matrices was assessed by Mantel tests between the qG estimated from the real data and one thousand qG estimates simulated following the procedures for estimating the repeatability of G and P (Cheverud et al., 1983) . To estimate matrix repeatability for qG and G, we used a matrix bending procedure that uses the N eff of the traits as weights to make the matrices positive definite so that they could be resampled (Jorjani et al., 2003) . To test the similarity of P, G, and E, we used the random skewers procedure as outlined above. For the correlation counterparts of the three matrices, we used a Mantel test with significance assessed by 1,000 random permutations of the rows and columns of the matrices. To test the hypothesis that h 2 was distributed in a manner one would expect if it represented random deviations around a single expectation, we tested the fit of the distribution of h 2 estimates to a normal distribution using a Shapiro-Wilk test (Sokal and Rohlf, 1995) . We tested the equality of the variance of the variances of the h 2 estimates and the mean sampling variance (the square of the standard error) to see if the dispersion of the distribution was what one expected, given the uncertainty of estimating h 2 in this population using an F-test (Sokal and Rohlf, 1995) .
To test the hypothesis that functional and developmental classifications of traits predict the variational properties of their constituent traits, we divided the traits into regions defined by their functional and developmental roles in forming the cranium (Cheverud et al., 1983) (Table 1) . Traits were assigned to the face, orbit, vault and base, and we evaluated groupings contrasting traits in the face/orbit and base/vault, the face/orbit, base, and vault, and the face, orbit, base and vault to test hypotheses about the distribution of genetic and environmental variation across the cranium. We used ANOVA (Sokal and Rohlf, 1995) to test the hypothesis of no difference between trait groups for levels of phenotypic, genetic, and environmental variation. Mean or mean square standardized parameters tend to be lognormally distributed in continuous biological traits (Lycett and Collard, 2005) . We log (base e) transformed the values of these estimates before applying the test to make the data better fit the distributional assumptions of the ANOVA.
To test the homoiology hypothesis, an additional hypothesis was done that contrasted a set of traits shown to be subject to high levels of strain in experimental strain-gage studies (i.e., traits describing the palate, alveolus surrounding the dentition, and the zygoma) with a set of traits from the remainder of the cranium that experience low to moderate strain (Currey, 1984; Martin et al., 1998; Lycett and Collard, 2005; von Cramon-Taubadel, 2009 ). We used the same ANOVA procedure outlined above for testing hypotheses of differential variation across these regions. All statistical analyses were performed in R, JMP 5.01 (SAS Institute, Inc., Cary, NC), or by hand.
RESULTS

All but two traits had h
2 values that were significantly different from zero at the 0.05 level. Heritability estimates fit a normal distribution well (Shapiro-Wilk W 5 0.983, P 5 0.855) and were moderate (mean h 2 5 0.44, Supporting Information Table S1 ). The variance of the distribution of h 2 estimates was not different from the mean of the distribution of the sampling variances for the individual h 2 estimates (F-test. F 43d.f./44d.f. 5 1.404, P 5 0.131). Seven traits did not make the minimum cutoff of N eff [ 10 and were excluded from multivariate analyses (Supporting Information Table S1 ). Matrix repeatabilities for P and qP were high, in excess of 90% for both variance/covariance and correlation matrices (Table 2 ). Genetic and environmental matrices had lower repeatabilities owing to the greater error involved in their estimation. The repeatabilities of matrices give the maximum correlation that can be realized in a matrix comparison so that the magnitude of observed associations should be considered relative to their repeatabilities, not 1.0. There were significantly positive correlations between qP and qG, and qP and qE but a significant negative correlation between qG and qE (Table 2) , which is likely the result of strong negative covariance between estimates of genetic and environmental correlations (Cheverud, 1995) . Mean random skewers scores among E, G, and P were all significantly positive. The values of the mean random skewers statistics are all only slightly lower than their repeatability values indicating that the correlations of the responses to selection of the G vs. P and E vs. P are very nearly as high as could be expected if they were proportional matrices given the estimation error of the elements of G and E.
None of the univariate measures of genetic, environmental, and phenotypic variation (h 2 , e, e e , and CV) differed significantly among any of the trait groupings (Table 3 ). This contrasts with previous investigations that accounted for sex differences when estimating the level of intrinsic variation where traits that were in regions subjected to large amounts of strain tended to be more intrinsically variable (Lycett and Collard, 2005; von Cramon-Taubadel, 2009 ). Most importantly, the environmental component of variation was not elevated in the high-strain region relative to the rest of the cranium. Measures of the average degree to which individual characteristics were independent of or integrated with other characteristics (c, c P , c PR , i, and i p ) were different across anatomically defined regions when controlling for multiple comparisons (four tests for each parameter yielding a Bonferroni-adjusted significance threshold of 0.0125) in the case of c, c P , c PR , i, and i p , although c PR in the case of the model comparing the face, base, vault, and orbit did not pass the adjusted threshold (Table 2) . Post-hoc Tukey-Kramer HSD tests indicate that these results are largely driven by traits in the vault being less conditionally evolvable (lower c, c P , and c PR ) and more highly integrated (i and i p ) in the vault as compared to the remainder of the regions.
One of the measures of c p and i p revealed a significant difference among trait groups at the 5% level in the high vs. low strain grouping model (Table 3) . The difference was not significant, however, when multiple comparisons were considered, and the effect completely disappears when the traits of the vault are removed from the analysis, indicating that it is more likely the contrast of a small number of traits on the face with the more tightly integrated vault rather than a specific effect on traits in more highly strained areas.
DISCUSSION
We found no evidence suggesting that h 2 , e, e e , or CV for individual traits vary across different functionally/ developmentally defined regions of the cranium or across those regions subject to different levels of masticatory strain. Indeed, these results indicate that the distribution of heritability across the cranium is not different from that expected under a model where all cranial traits have heritability values of 44%, and the differences in heritability estimates observed is because of a sampling error inherent in estimating quantitative genetic parameters in this population. The same result has been observed in several quantitative genetic studies of primate cranial morphology (Cheverud, 1982 (Cheverud, , 1995 (Cheverud, , 1996 . Phenotypic and genetic variation followed similar patterns across the cranium as indicated by the strong similarity of genetic and phenotypic variance/covariance and correlation matrices. In addition, the r 2 values of the comparisons of the measures of intrinsic phenotypic variation with their genetic counterparts range from 0.59 to 0.65 indicating that phenotypic values are giving us some insight into the genetic variances of the traits. Critical to the understanding of these correlation values is that these coefficients are about as strong a correlation as would be allowed given the repeatability of the genetic estimates due to the elevated sampling variance associated with estimating genetic parameters. We predict that the relationships between estimates of phenotypic and genetic variation will strengthen as the size of the collection increases with the ongoing addition of more crania. This indicates that studies of phenotypic variation are fairly reliable guides to patterns of genetic variation in populations. This is not a new conclusion but remains controversial (Cheverud, 1988; Roff, 1996) . The upshot of this finding is that estimates of variation gleaned from comparative material while appropriately taking covariates such as sex into consideration add to our understanding of the propensity of traits to evolve.
Our findings do not support the variational prediction of the homoiology hypothesis (Wood and Lieberman, 2001; Lycett and Collard, 2005; Collard and Wood, 2007) , which states that cranial traits subject to high strain tend to be more intrinsically variable. We propose that this finding is largely a consequence of the fact that we, Scores for comparisons of covariance matrices are above the diagonal whereas scores for comparisons of correlation matrices are below the diagonal. Scores of matrix association are expressed as raw correlation coefficients whereas repeatabilities are expressed as coefficients of codetermination.
and some others (Lycett and Collard, 2005; von CramonTaubadel, 2009 ), corrected estimates of the degree of variation for differences in means between the sexes and for any age-graded variation among adults. Sexual dimorphism in the baboon face is substantially larger than it is for the cranial base and vault (Leigh and Cheverud, 1991) . The brain and associated cranial base and vault grow relatively early, approximating their final sizes at a young age before much overall sexual dimorphism has been established. In contrast, the face continues growing until relatively late, when overall body-size growth is quite different between the sexes. Collard 2005 and von Cramon-Taubadel 2009 presented the only similar studies to correct for sex and this tended to attenuate the estimates of intrinsic variation in more highly strained areas, although the mean levels of variation were still significantly different across the differently-strained regions. In both cases, this was attributed to higher mean levels of strain and not to variance in the level of strain, but the effects of age, population structure, and nutritional status were not accounted for in these studies. Although age tended to affect traits thought to be exposed to high levels of strain more often than other traits, its effect was small and did not change the mean differences in the CV values of traits in the different regions. We might consider that the effects of age, however, may be elevated in a wild population relative to a captive population. The second reason why this study may have failed to support the variational prediction of the homoiology hypothesis where other studies do support it is that all the animals in this population are fed a uniform diet of monkey chow and were sheltered from many of the threats to which a wild animal might be exposed. Although monkey chow is reasonably hard, the animals used in this study have obvious signs of tooth wear and the animals are known to chew on hard objects in their environment (which all suggest that the animals are being exposed to strains associated with mastication), the environment in which the animals were raised may have been fairly uniform. If the strain-inducing behaviors in which they engaged did not vary much across individuals, there may not have been much opportunity for plastic responses to differ across individuals and, thus, extra variance would not be introduced into the population. A group of animals with the same genotypes as those in this study but raised in another uniform environment and exposed to different degrees or frequencies of loading during chewing might develop a different mean state without changing the within-population variances. None of the previous studies have demonstrated that nutritional status, population structure, and age are not driving the difference in the variational properties of traits in different regions of the skull in wild populations (this is discussed more thoroughly later). The variational properties of relevant environmental conditions in wild populations, like in the captive group used here, is also unknown.
These results strongly suggest that the region that a trait occupies in the cranium and exposure to high mean levels of strain, as opposed to variance in strains across traits, do not cause traits to be more phenotypically variable nor do they affect the evolutionary potential of individual traits. This uniformity in evolvability that we have demonstrated in cranial traits in this population of baboons supports the thesis that the particular location of a trait on the cranium does not impart an intrinsic limitation on the evolution of traits in any one region of the skull or any differential utility for reconstructing phylogeny, an observation that accords with studies of the relative efficacy of different traits for phylogenetic reconstruction Wood, 2001, 2007; Lycett and Collard, 2005; Collard and Lycett, 2008; von Cramon-Taubadel, 2009 ). The results of this investigation, in combination with the results of these phylogenetic analyses, indicate that traits from one region of the cranium do not appear to be better for reconstructing phylogeny than any other. Because traits in one region are no more or less evolvable than any other, at least in this population, there is not any reason to expect the intrinsic variational properties of traits to affect their evolution in different ways.
That bone can display plastic responses to different types of environmental effects is indisputable (Trinkaus et al., 1994; Lieberman et al., 2003; Ruff et al., 2006; Ravosa et al., 2007; Menegaz et al., 2009) . There is no indication that a change in the level of strain, however, leads to an increase in the intrinsic variation of a trait. Those traits that show higher strain under mastication in model organisms may also be more liable to display variance as a result of a lifting of a ceiling on the degree to which strain affects traits, thus providing room for strain to vary. But it is still important to distinguish between the mean and variance of an effect.
It is also important to point out that strain may not be the only cause of the additional variation seen in parts of the face in some studies. As has been emphasized before, facial characteristics tend to finish developing later in life than those on the remainder of the cranium, and this leaves open the opportunity for various insults to growth in the form of disease, injury, or malnutrition, among others, to affect those traits (Lieberman, 1995 (Lieberman, , 1997 Wood and Lieberman, 2001) . In this context, the elevated levels of intrinsic variation observed in these In contrast to the results of the investigation into the variational properties of traits irrespective of their covariance with other traits, the average level of integration and conditional evolvability of traits does vary across regions. As a result, characteristics in the cranial vault are more likely to be constrained in their evolution by stabilizing selection on other traits and more likely to show stronger correlated responses to selection on other traits. Using multiple highly correlated characteristics in a phylogenetic analysis can result in a false sense of security in the strength of support of a particular phylogenetic hypothesis as correlation among traits effectively reduces the number of traits available for analysis (Cheverud, 2001 ). This also implies that traits in the cranial vault may not be able to evolve independently of the rest of the cranium as easily as other traits in the cranium. Patterns of integration, however, evolve in their own right (Cheverud, 1982; Steppan et al., 2002; Whitlock et al., 2002; Wagner et al., 2007; Arnold et al., 2008) and there are some substantial differences between integration in baboons and those of other primates Porto et al., 2009 ), so the extent to which these results can be generalized is unknown.
Several claims have been made about the implications of the heritability of traits for reconstructing phylogeny. Some discussions of character selection include claims that highly heritable characteristics should be less variable than less heritable characteristics. For example, Wood and Lieberman 2001 hypothesized that ''Features that have higher coefficients of narrow sense heritability (h 2 ) are predicted to show less intraspecific variability and are thus be more taxonomically valent than features with lower heritabilities'' (p. 16) and that ''dental features that are highly heritable are also either unresponsive, or are only weakly responsive, to epigenetic stimuli such as strain'' (p. 16). Lieberman 1996 recommended that ''Characters used in any (phylogenetic) analysis must be heritable, with as clear a link to the genome as possible'' (p. 99).
These statements suggest that we may expect highly heritable characteristics tend to be highly canalized and less sensitive to environmental effects in general. As mentioned previously, heritability is a dimensionless ratio that gives no sense of the absolute magnitude of any component of variance so there is no reason to expect traits with different heritability values to display different magnitudes of variation. This is one of the rationales for using measures of evolvability in evolutionary quantitative genetics instead of h 2 (Houle, 1992; Hansen and Houle, 2008) . Differences between individuals can be assigned to genetic and environmental sources of variation and to gene-by-environment interactions (Falconer and Mackay, 1996) , but the developmental trajectory of any one individual cannot be decomposed into distinct genetic and environmental components. The construction of an individual's phenotype is the result of environment-gene interplay and is not reducible to component parts (Lewontin, 2000) . Some traits may be more canalized than others in that the outcomes of their development may be more restricted for a given set of genotypes across a range of environments, but this is unrelated to the heritability of the trait. It is also true that we would really rather have characteristics that are not heritable for use in our phylogenetic analyses in that we would prefer them to not vary at all within species and, instead, to display variation exclusively among groups (e.g. the presence or absence of an amnion is not heritable within species because it does not vary within species).
Another way to approach this problem would be to assess the phylogenetic equivalent of heritability, phylogenetic h 2 (Lynch, 1991; Housworth et al., 2004) for various characteristics. The degree of phylogenetic h 2 for a trait is an indicator of how closely interspecific differences are associated with degrees of phylogenetic similarity, much in the same way that h 2 predicts how individual differences are associated with degrees of relatedness in a pedigree. The methods for estimating phylogenetic h 2 (phylogenetic mixed models. Houseworth et al., 2004) are very similar to the methods used in this investigation to estimate h 2 in a pedigree. Phylogenetic h 2 was originally developed to address the problem of phylogenetic effects in comparative studies. It could be used, however, to see which traits track phylogeny with high fidelity (given a known phylogeny) and, thus, may be useful for deciding which characters to choose in a paleoanthropological investigation. We caution, however, that the phylogenetic h 2 needs to be estimated using large numbers of species (just as h 2 requires large numbers of individuals with known relationships) and a characteristic with a high phylogenetic h 2 may not reflect relationships well in small subsets of a phylogeny or in groups that were not included in the initial estimate of phylogenetic h 2 . It is worth emphasizing that phylogenetic h 2 is based on a loose analogy to h 2 in the narrow sense. It is estimated in a similar way but it does not have the same solid base in Mendelian rules of inheritance that supports the use of h 2 in evolutionary quantitative genetics (Lynch, 1991; Houseworth et al., 2004) . A nonzero phylogenetic heritability could be motivated by the response of phenotypes differential distribution of environments across several clades of organisms (a phylogeny-environment covariance). This could mean that traits with differences among groups that are caused by environmental effects rather than genetic effects might actually be useful in phylogenetic reconstruction, such as the bicondylar angle, which only develops the characteristic human condition in a particular mechanical environment (Tardieu, 1995; Shefelbine et al., 2002) . A difference like this would not be the result of the accumulation of additive genetic variance among species via mutation, drift, and selection, but it is not clear why an investigator should care so long as a trait was capable of making useful distinctions among groups. We do not think that this will happen very often, but it is far from certain that cases like these would never arise.
In conclusion, we find that traits from any region of the cranium are about as well suited for phylogenetic analysis as those from any other region based on their intrinsic variational properties, at least as far as the results from this population are concerned. In this one sample there is no distinction among traits in cranial regions in levels of intrinsic variation, heritability, evolvability, or intrinsic environmental variation. Characteristics on the cranial vault tend to have less independence than traits from other regions. We caution that the results from this analysis may not be generalizable, particularly because they are based on a single, captive group and groups in other contexts may be exposed to environments that could serve as sources of additional variation that are not detectable here. One reason to think that this study has some generalizability when it comes to statistics reflecting genetic variation, is that the large majority of like studies show very similar results (Roff, 1986; Cheverud, 1988) . Importantly, the meaning of ''heritable'' with regard to the issue at hand needs clarification and other measures of genetic variation are more useful for modeling evolution. Overall, we think that at the present state of knowledge, combined with the results presented here, there are not compelling reasons to exclude characteristics from phylogenetic analyses based on their intrinsic genetic or environmental variational properties. Other criteria, however, may be useful, but only in combination with an account of how the forces of evolution have acted to diversify a group.
